The main objective of this study was to find out if the reported changes in the aldosterone-suppressant activity of atrial natriuretic peptide (ANP) during different hormonal states in rats are due to a modulation of ANP receptors. In zona glomerulosa cells, ribonuclease protection assay detected mRNAs for guanylate cyclase (GC)-coupled ANP GC-A and GC-B receptors, and for ANP C receptors, which are not coupled to GC. Western analysis using polyclonal anti-GC-A and anti-GC-B receptor antibodies revealed the presence of GC-A but not GC-B receptor proteins in zona glomerulosa cells. Pregnancy (days 7, 16 and 21), oestradiol-17 and progesterone decreased mRNAs for all the three ANP receptors in zona glomerulosa cells. Pregnancy decreased GC-A receptor proteins in zona glomerulosa cells, but these recovered to virgin values on day 2 postpartum. ANP receptor mRNAs in zona glomerulosa cells increased by postpartum day 2, but did not reach the values found in virgin rats. Zona fasciculata mainly contained GC-A receptor mRNA. It is concluded that ANP receptors in rat adrenal zona glomerulosa are modulated by pregnancy, oestrogen and progesterone; a decrease in ANP GC-A receptors during pregnancy might explain the accompanying decrease in the aldosterone-suppressant effects of ANP.
Introduction
In addition to being a potent natriuretic/diuretic agent (de Bold et al. 1981) , atrial natriuretic peptide (ANP) produces several other effects, including the suppression of aldosterone and renin secretion (Brenner et al. 1990 ). The biological effects of ANP are produced by interaction with guanylate cyclase (GC)-linked plasma membrane receptors and generation of the second messenger, cGMP (Brenner et al. 1990 , Drewett & Garbers 1994 . Three different ANP receptors have been identified and cloned. Two of these, namely ANP GC-A (Chinkers et al. 1989) and ANP GC-B (Chang et al. 1989 ) are linked to GC and mediate most of the biological effects of ANP (Brenner et al. 1990 , Drewett & Garbers 1994 . ANP GC-A receptors possess high affinity for both ANP and brain natriuretic peptide (BNP), but little or no affinity for the truncated ligand, ANP 4-23 ; ANP GC-B receptors are preferentially activated by C-type natriuretic peptide and to a lesser extent by ANP and BNP (Suga et al. 1992) . ANP C receptors are not linked to GC (Fuller et al. 1988) , and function as ligand clearance receptors (Maack et al. 1987 , Fuller et al. 1988 ; they possess high affinity for ANP and BNP and for the truncated ligand, ANP 4-23 (Maack et al. 1987 , Fuller et al. 1988 , Brenner et al. 1990 ).
ANP receptors are widely distributed; however, relative concentrations of the three ANP receptors in different tissues exhibit marked variations (Brenner et al. 1990 , Drewett & Garbers 1994 . Pregnancy is characterized by marked plasma volume expansion and sodium retention, primarily because of an increase in aldosterone secretion (Mulay & Solomon 1992) ; the potent natriuretic and aldosterone-suppressant effects of ANP are not conducive to fluid/electrolyte increase during pregnancy. It would thus seem that pregnancy leads to an attenuation of the natriuretic and aldosterone-suppressant effects of ANP. Indeed, an inhibition of the aldosterone-suppressant (Mulay et al. 1993) and renal effects of ANP (Masilamani et al. 1994 , Omer et al. 1995 during rat pregnancy has been reported. Ligand binding studies also found a decrease in adrenal zona glomerulosa ANP receptors during pregnancy (Mulay et al. 1994) ; however, the quantification of GC-linked ANP receptors in these studies by ligand binding (Mulay et al. 1994 , Mulay et al. 1995b could not distinguish between ANP GC-A and ANP GC-B receptors. The present studies were therefore carried out to examine in greater detail the modification of ANP GC-A, ANP GC-B and ANP C receptors in adrenal zona glomerulosa cells by use of ribonuclease protection assays for the three ANP receptor mRNAs. ANP GC-A and ANP GC-B receptor proteins were also quantified by Western analysis using anti-receptor antibodies (Potter & Garbers 1992) ; anti-ANP C receptor antibodies were not available. Because zona fasciculata contain ANP receptors but ANP does not suppress corticosterone secretion (Mulay et al. 1995b ), a limited number of studies were also done using this tissue. Data suggest that the hormonal states of the animal modulate zona glomerulosa ANP receptors and the decrease in the aldosterone-suppressant effects of ANP during pregnancy might result from a downregulation of ANP GC-A receptors.
Materials and Methods

Chemicals
Atrial natriuretic peptide (28 amino acid ANP 99-126 ), 125 I-labelled ANP, anti-ANP antisera and goat anti-rabbit IgG serum were purchased from Peninsula, Belmont, CA, USA. Aprotinin, leupeptin and pepstatin were purchased from Sigma, St Louis, MO, USA. All other high purity chemicals were purchased from Fisher, Montreal, Quebec, Canada.
Animals
Adult virgin female (175-200 g) and male (250-275 g) Sprague-Dawley rats (Charles River, St Constant, Quebec, Canada) were used according to a protocol of the McGill University Animal Care Committee. Animals were housed on a schedule of 12 h light : 12 h darkness (lights on 0700-1900 h) at 22-25 C and 50-70% humidity; rat chow and tap water were available ad libitum. The presence of sperm in the vaginal washing after overnight housing with male rats denoted day 0 of pregnancy. Rats were used on days 7, 16 and 21 of gestation, along with age-matched virgin controls and virgin rats treated i.p. with oestradiol-17 (0·1 mg/kg per day for 3 days) or progesterone (2 mg/kg per day for 3 days); in addition, a group of rats were studied 2 days after delivery. Rats were decapitated under halothane anaesthesia. Trunk blood was collected in heparinized tubes containing aprotinin for the assay of plasma ANP. Adrenal glands were removed and zona glomerulosa and fasciculata portions separated as described previously (Mulay et al. 1993 , Mulay et al. 1995b and used in the studies.
Isolation of total RNA
For each set of experiments, adrenal zona glomerulosa and fasciculata from three or four rats of the different groups were snap-frozen in liquid nitrogen and stored at 80 C. Tissues were homogenized with a Polytron (Brinkmann, Rexdale, ON, Canada) in Trizol reagent (Gibco, Burlington, ON, Canada), purified by phenol-chloroform extraction and precipitated with ice-cold ethanol. The integrity of the RNA was assessed by formaldehydeagarose gel electrophoresis followed by ethidium bromide staining, and the quantity was determined by absorbance at 260 nm.
cDNA probes for rat ANP receptors
The sense and antisense primers were prepared as described before (Omer et al. 1997) according to published cDNA sequences of rat ANP GC-A, GC-B, and C receptors (Schulz et al. 1989 , Yamaguchi et al. 1990 , Duda et al. 1991 . The sense and antisense primers were made complementary to unique sequences in the extracellular domain spanning exons 3 and 6, which exhibit maximum heterogeneity.
The sense and antisense primers used for amplification were, respectively, as follows: 5 -CACTACCCCAAGCT ACTGCGGGCCGTG-3 (HYPKLLRAV) and 5 -GCT GTGTCAGAACACAAATTATAC-3 (AVSEHKLY), spanning amino acid sequences 223-231 and 431-438 respectively, for ANP GC-A receptor; 5 -GTGTATAC CCGAGAGCCAGG-3 (VYTREP) and 5 -CTGAGAA GCAGATTTGGTGG-3 (EKQIWW), spanning amino acid sequences 202-207 and 415-420 respectively, for ANP GC-B receptor; and 5 -TGCCTACAATTTCGAC GAGACCA-3 (AYNFDET) and 5 -GCTCTTTGAAA TTGAGAATAGATGA-3 (SLKLRID), spanning amino acid sequences 228-234 and 449-455 respectively, for ANP C receptor.
An aliquot (1-2 µg) of cDNA from rat lung lambda gT-10 library 5 STRETCH (Clontech, Palo Alto, CA, USA) was amplified using Taq DNA polymerase (2 U) in 100 µl reaction buffer containing 20 m Tris-HCl, pH 8·4, 50 m KCl, 2·0 m MgCl 2 , 0·25 m each of dCTP, dGTP, dATP, dTTP and 0·5 µ each of the primers for 35 cycles; each cycle was as follows: 94 C-30 s, 60 C-30 s and 72 C-1 min for GC-A receptor; 94 C-30 s, 58 C-30 s and 72 C-1 min for GC-B and C receptors. The fragments obtained by PCR were inserted into a PCR II plasmid vector (Invitrogen, San Diego, CA, USA) according to the protocol provided by the supplier. Epicurian coli Jm109 competent cells (Stratagene, La Jolla, CA, USA) were transformed with the vector-insert complex and clones were isolated by ampicillin (100 µg/µl) resistance. The clones were sequenced using a T7 sequencing kit (Pharmacia, Baie d'Urfé, Quebec, Canada) to determine the sequences of rat ANP GC-A, GC-B and C receptor partial cDNAs. The plasmids were digested with HindIII for GC-A, BstB1 for GC-B and DdeI for the C receptor before synthesis of the antisense RNA probes.
Synthesis of
32 P-labelled antisense RNA probes and ribonuclease protection assay 32 P-Labelled antisense RNA probes for ANP GC-A, GC-B and C receptors were synthesized using an in vitro riboprobe transcription kit (Promega, Madison, WI, USA). The ribonuclease protection assays were performed as described previously (Peri et al. 1995) . Briefly, 20 µg total RNA were incubated with 5 10 4 c.p.m. each of GC-A and C probes or GC-B probe in 40 µl hybridization buffer (80% deionized formamide, 40 m PIPES, pH 6·7, 1 m EDTA and 0·4  NaCl) at 50 C for 12-16 h. Non-hybridized RNA was digested for 30 min at room temperature in 400 µl digestion buffer (10 m Tris-HCl, pH 7·5, 1 m EDTA and 0·3  NaCl) that contained ribonuclease A (10 µg/ml) and ribonuclease T-1 (200 U/ ml). The samples were further digested with proteinase K (2·5 mg/ml) in 7·5% Sarkosyl solution at 37 C for 30 min. The protected fragments were purified with guanidine thiocyanate buffer (4  guanidine thiocyanate, 25 m sodium citrate, pH 7·0 and 0·5% Sarkosyl) and precipitated with isopropanol. The protected fragments were separated on urea-6% polyacrylamide gels, autoradiographed using Kodak-XO-matic film and the exposures were scanned and quantified (Molecular Analyst, Biorad, Hercules, CA, USA). In addition, the bands were visualized and quantified by phosphorimaging (Fujix Bio-imaging analyzer BAS-1000); photo-stimulated luminescence values in arbitrary units for virgin rat samples were treated as 100 and values for other samples in the gel were quantified relative to the values for virgin rat samples.
Western analysis of ANP GC-A and GC-B receptors
Western analysis was performed as described elsewhere (Potter & Garbers 1992 ) using polyclonal anti-ANP GC-A and GC-B receptor antibodies, which did not cross-react with normal rabbit serum. Zona glomerulosa tissues were homogenized in ice-cold buffer (40 m KCl, 10 m Hepes, pH 7·9, 3 m MgCl 2 , 5% glycerol, 0·5 µg/ml leupeptin, 0·1 µg/ml aprotinin, 1·5 µg/ml pepstatin and 100 µg/ml phenylmethylsulphonyl fluoride) with a Polytron homogenizer for 15-20 s. The homogenates were centrifuged at 500 g for 10 min at 4 C and the supernatants were recentrifuged at 112 000 g for 60 min at 4 C. The pellets were resuspended in 0·5 ml homogenizing buffer containing 0·5% Nonidet P-40 (Sigma) and total protein concentration of the supernatant was determined by the dye-binding method (Bradford 1976) using BSA as the standard. Aliquots of the solubilized membranes (40 µg) were dried in speed-vac and resuspended in 20 µl SDS loading buffer (63 m Tris-HCl, pH 6·8, 2% (w/v) SDS, 10% (v/v) glycerol, 0·0025% bromophenol blue and 2·5% -mercaptoethanol). The protein samples were heated to 70 C for 15 min and loaded on SDS polyacrylamide gels (Biorad) and SDS-PAGE separated at 70 V over a 90-min period. The protein bands were electrophoretically transferred to nitrocellulose membranes (Biorad) and the non-specific binding sites were blocked with buffer A (20 m Tris-HCl, pH 7·5, 0·5  NaCl, 0·1% (v/v) Tween-20) containing 10% skimmed milk for 12 h at 4 C. The membranes were incubated for 60 min at room temperature in buffer A containing 5% skimmed milk with anti-ANP GC-A or GC-B receptor rabbit antibodies (1 : 500 dilution). Membranes were washed three times (10 min each) with buffer A, followed by incubation with horseradish peroxidaseconjugated anti-rabbit IgG antibodies (1 : 1000 dilution) (Amersham, Oakville, ON, Canada) in buffer A containing 5% skimmed milk for 60 min, followed by a further three washes with buffer A as described previously. The immunoreactive bands were visualized using the enhanced chemiluminescence kit (Amersham) and exposed on radiographic films for variable periods. The density for virgin rat samples was treated as 100 and densities for other samples were quantified relative to the values for virgin rat samples.
Plasma ANP assays
Plasma samples were extracted on C 18 Sep-Pak cartridges (Waters, Milford, MA, USA) and immunoreactive ANP was determined by RIA as previously described, using 125 I-labelled ANP and an anti-ANP antiserum that did not react with BNP (Mulay et al. 1995a , Omer et al. 1995 .
Statistics
Data were compared by one-way analysis of variance followed by Bonferroni test for significance; P<0·05 was assumed to denote a significant difference. Data are presented as means ...
Results
ANP receptor mRNAs in zona glomerulosa cells
ANP GC-A, GC-B and C receptor mRNAs were detected in adrenal zona glomerulosa cells of all groups of rats (virgin, pregnant, postpartum, oestradiol-17 -treated and progesterone-treated) (Figs 1 and 2) .
Relative to values in virgin controls, mRNAs concentrations for all the three ANP receptors (GC-A, GC-B and C) were significantly lower in cells from animals at the three stages of gestation studied (days 7, 16 and 21); there was a trend towards a gradual decrease from day 7 to day 21 of gestation, which was significant in the case of ANP GC-B receptors (Fig. 1) . There was no significant difference in ANP C receptor mRNA expression at different stages of pregnancy and postpartum. ANP GC-A receptor mRNA concentrations on day 2 postpartum were significantly greater than during pregnancy, but still lower than those in virgin controls.
Treatments with oestradiol-17 or progesterone caused a significant decrease in the expression of all three ANP receptors (GC-A, GC-B and C) (Fig. 2) . There was no apparent difference in the effects of oestradiol and progesterone on the expressions of mRNA for any of the three ANP receptors.
ANP GC-A and GC-B receptor proteins
Western analysis revealed an abundance of ANP GC-A receptor protein in zona glomerulosa cells that was decreased during pregnancy (Fig. 3) . Relative to GC-A receptor protein bands, GC-B receptor protein bands in zona glomerulosa cells were much less intense (Fig. 3a) ; however, pregnancy was associated with a significant decrease in GC-B band densities (Fig. 3b) . The expression of ANP C receptor proteins could not be studied, as antibodies against this receptor were not available.
ANP receptor mRNAs in zona fasciculata cells
ANP GC-A receptor mRNA was expressed in great abundance in fasciculata cells; GC-B and C receptor mRNAs were barely detectable (Fig. 4) . A detailed study of zona fasciculata cells was not made, for three reasons: pregnancy exerted little effect on GC-A receptor mRNA; ANP does not modify corticosterone secretion from zona fasciculata cells (Mulay et al. 1995b) ; and the supply of anti-receptor antibodies was limited.
Plasma ANP
ANP concentrations in the plasma from virgin and pregnant rats did not differ significantly, but were significantly (P<0·01) lower than those in postpartum rats. Plasma ANP values in different group of rats were as follows (n=9); pregnant day 16, 81 5 (n=10); pregnant day 21, 74 8 (n= 9); postpartum day 2, 116 7 (n= 6).
Discussion
We have reported previously that pregnancy and progesterone inhibited the aldosterone-suppressant activity of ANP (Mulay et al. 1993 ) and decreased GC-linked ANP receptors (Mulay et al. 1994) ; however, receptor assays in these studies were based on the competitive displacement of 125 IANP by unlabelled ANP. Because ANP possesses similar affinities for both ANP GC-A and GC-B receptors (Brenner et al. 1990 , Suga et al. 1992 , our studies (Mulay et al. 1994) could not distinguish between GC-A and GC-B receptors. The main purpose of the present study was to examine in greater detail the modulation of ANP receptors by pregnancy and to identify effects on different ANP receptor types.
The presence of GC-A and GC-B ANP receptor mRNAs in rat adrenals has been described previously (Tallerico-Melnyk et al. 1992) , and our data confirm these findings. However, to our knowledge, whether or not both GC-linked ANP receptors are expressed in zona glomerulosa has not been unequivocally demonstrated. Data from the present study using a ribonuclease protection assay and anti-receptor antibodies demonstrate that, despite high abundance of both GC-A and GC-B receptor mRNAs, rat adrenal zona glomerulosa cells primarily contain ANP GC-A; ANP GC-B receptors are expressed in extremely low concentrations. This situation is analogous to that in rat renal papillae, which also contain GC-B receptor mRNA but not GC-B receptor proteins (Omer et al. 1997) . One study using autoradiographic visualization and GC-B receptor-selective ligand C-type natriuretic peptide reported the presence of low concentrations (<3 fmol/mg protein) of GC-B receptors (Konrad et al. 1992 signals for GC-B receptor proteins that we detected using Western blots (Fig. 3) . In contrast, despite a high affinity of C-type natriuretic peptide for GC-B receptors, it can bind to GC-A receptors (Suga et al. 1992) , therefore displacement of labelled by unlabelled C-type peptide (Konrad et al. 1992) does not provide unequivocal evidence for the presence of GC-B receptors in rat zona glomerulosa cells.
Other workers also identified only GC-A receptors in adrenal zona glomerulosa cells, although they did not observe a significant decrease in ANP GC-A receptors in term-pregnant rats (Forcier et al. 1996) . In any case, our data suggest that the main ANP receptors in rat zona glomerulosa are GC-A type. It is of interest that GC-B receptor mRNA was not detectable in primate adrenal cortex and neither GC-A nor GC-B receptor mRNAs were detectable in fasciculata cells (Wilcox et al. 1991) ; it would thus seem that species differences exist in the tissue distribution of ANP receptor subtypes.
Our findings indicate that zona glomerulosa ANP receptors are modulated by the hormonal state of the animal. Pregnancy is a state of fluid/electrolyte expansion. Pregnancy in the rat is accompanied by a progressive increase in plasma progesterone concentrations (Potvin et al. 1991) , but an increase in plasma oestrogen only at late gestation (Shaikh 1971) . As aldosterone is the major contributor of electrolyte expansion during pregnancy (Baylis 1984 , Mulay & Solomon 1992 and ANP is a potent suppressant of aldosterone secretion (Brenner et al. 1990) , it is not surprising that hormonal states modulate zona glomerulosa ANP receptors. Indeed salt-induced changes in aldosterone concentrations have been shown to alter rat adrenal cortical ANP receptors (Sessions et al. 1992) .
The present study showed that pregnancy, in addition to treatments with progesterone or oestradiol, caused a downregulation of mRNAs for all three ANP receptors (GC-A, GC-B and C) in zona glomerulosa cells (Fig. 2) . The decrease by pregnancy and progesterone are consistent with the previously reported decrease in the aldosterone-suppressant activities of ANP under these conditions (Mulay et al. 1993) ; however, oestradiol increases rather than decreases the inhibitory effects of ANP on aldosterone secretion (Mulay et al. 1993) . The reason for this discrepancy is not clear; it is possible that the increase in the effects of ANP by oestradiol involves mechanisms other than changes in receptors. As would be expected, the pregnancy-associated decreases in mRNAs for all the three ANP receptors tend to reverse postpartum, although by postpartum day 2 they do not attain the levels found in virgin rats ; these data are consistent with our earlier observation that the renal effects of ANP are attenuated during pregnancy, but restored during immediate postpartum (Omer et al. 1995) . The mechanism by which hormonal states modulate ANP receptors is not clear from our studies. As the findings of this and previous studies (Omer et al. 1995) showed that rat pregnancy is not associated with significant changes in plasma ANP, it is unlikely that the observed downregulation of ANP receptors is mediated by increased plasma concentrations of ANP. Indeed, concentrations of ANP receptor mRNA and proteins were greater postpartum than during pregnancy, although plasma ANP in postpartum rats was higher than at any stage of gestation. Data from this study are consistent with our earlier suggestion that pregnancy-induced downregulation of ANP receptors might be mediated by progesterone (Potvin & Varma 1991 , Mulay et al. 1994 .
In conclusion, our findings demonstrate that ANP receptors in zona glomerulosa are mainly GC-A type and they are downregulated by pregnancy; this could lead to a decrease in the aldosterone-suppressant effects of ANP, which would be expected to be conducive to physiologically desired sodium and fluid expansion. A trend towards an increase in ANP receptor mRNAs during postpartum again suggests a role of ANP in the altered fluid/electrolyte homeostasis that exist during and after pregnancy. Histogram of data (means) from two separate experiments, each using 20 g mRNA extracted from pooled tissues from three to four rats. Densities of samples from virgin rats were treated as controls and assigned an arbitrary value of 100 and densities of other samples were expressed as a percentage of these control values.
